Summary. Muscle triglycerides and glycogen were measured in biopsy specimens of the vastus lateralis muscle before and after i h of ergometric exercise at 50 to 60% of maximal capacity (i. e. at a pulse rate during exercise of 180 minus age) in 3 groups of 19 to 35 year old, non-obese male subjects: 10 normals, 10 insulin dependent diabetic patients in relatively good control and 10 poorly controlled insulin dependent diabetic patients in whom insulin was withdrawn 24 h prior to examination. At rest in all subjects muscle triglyceride content was positively correlated with serum triglycerides (p < 0.001) and blood glucose (p < 0.05), resulting in ele'~ated muscle triglyceride stores in the insulin deficient diabetic patients (17.9 + 1.8 ~tmol/g protein vs. 13.4 _ 1.3 and 9.4 _+ 1.2 in the normal subjects and the well controlled diabetic patients; p < 0.05 and < 0.001). During exercise, utilisation of muscle triglycerides and glycogen were directly related to content at rest (p < 0.001), including the insulin-deprived patients with decreased glycogen. The decrease of muscle fat was associated with a rise in serum glycerol (p < 0.001) and nonesterified fatty acids (p < 0.001) during exercise.
Although physical exercise has been considered beneficial in the treatment of diabetes mellitus for many decades [1, 2] , only recently have fuel supply and metabolism of skeletal muscle in diabetic patients been studied more intensively [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18] . It has been established now that "diabetic" muscle like normal muscle can utilise intramuscular glycogen and the blood borne substrates glucose, non-esterified fatty acids, ketone bodies and amino acids to meet the energy requirement of exercise; but significant quantitative alterations may occur [3, 4, 5, 6, 7, 10, 11] . Little is known, however, about muscle triglycerides in diabetic subjects. Indirect evidence has been accumulated by catheter studies in diabetic man and animals that fat stored in muscle may become a major energy source of muscle during exercise in insulin deficiency [5, 11, 19, 20] . Very recently an elevated triglyceride content of soleus muscle was found in streptozotocin diabetic rats [21] . The present study was designed to yield direct information on muscle triglycerides in diabetic man and whether those triglycerides are indeed mobilised during exercise. In addition, the contribution of muscle glycogen was also assessed. Finally, an attempt was made to evaluate regulatory mechanisms of muscle triglyceride metabolism, particularly concerning the effect of insulin deficiency.
Patients and Methods
Three groups of non-obese men (age 19 to 35 years, Table 1 ) were studied: 10 controls (group I) with a normal oral glucose tolerance test (100 g glucose, highest blood glucose concentration below 8.89 and 2h value below 6.67mmol/1); 10 insulin dependent diabetic patients in relatively good metabolic control (postprandial blood glucose below 11.12 mmol/1) for several days at least (group II); 10 insulin dependent diabetics (group III) in poor control for some time, usually for some weeks (postprandial blood glucose about 16 mmol/1 or higher) from whom in addition insulin was withdrawn for 24 h. HbAlc values on the morning of the investigation, determined by a colorimetric chemical method [22, 23] , averaged 7.7 _+ 0.4% in group II and 13.4 _+ 0.7% in group III (p < 0.001), the normal range for this method in our laboratory being 5.1 + 0.2 and the coefficient of variation 4.5 %. All diabetics were attending the Diabetes Teaching Unit of the hospital. Dura-0012-186X/80/0018/0463/$01.40 Table 1 . Clinical characteristics of three groups of subjects (n = 10 each): I = normals, II = insulin dependent diabetics in relatively good metabolic control, III= poorly regulated and insulin-deprived insulin-dependent diabetics (mean _+ SEM) tion of diabetes was 1 to 7 years. All patients were insulin dependent diabetics from the onset of their disease, and signs of remission were not present at the time of the study. C-peptide levels were not determined. None of the subjects studied (including the controls) was on a regular physical training programme, and none had evidence of either angiopathy or significant neuropathy as judged by a careful physical examination, ECG, electronic oscillometry and fundoscopy. No other significant disease was apparent in any of the subjects, and insulin was their only medication. In all, the three groups seemed comparable except for the presence or absence of insulin dependent diabetes, the degree of diabetic control, and the administration or omission of insulin. Informed consent was obtained from all subjects participating in the study and approval was given by the local Ethical Committee.
All subjects were studied in the morning i h after a breakfast of 36 g carbohydrate given as bread. In group II 80-90% of the usual morning insulin was injected SC into the upper arm 30 min before breakfast. In group III, as already indicated, insulin was withheld for 24 h prior to the study. During exercise, from the 15 th min, the diabetic patients received another 36 g carbohydrate, half as bread half as orange, in small amounts distributed over the rest of the exercise period. There were no hypoglycaemic episodes in any of the subjects.
Exercise consisted of bicycle ergometry for 1 h at approximately 50 to 60% of the maximal work capacity of each individual as derived from an empirical formula [24] : pulse rate at 50 to 60% of the maximal work capacity ~ 180 minus age in years. Accordingly, all subjects performed exercise for 1 h at a pulse rate of 145 to 160 beats/rain (Table 1 ). Blood pressure was measured at 10 min intervals.
Muscle biopsies were taken by a specially adapted suction needle technique [25] immediately before and after the exercise period. By this method muscle specimens of approximately 40 mg were obtained from the vastus lateralis of the femoral muscle under local anaesthesia of the skin with 1% prilocaine hydrochloride. Immediately after the biopsy the muscle sample was divided into 2 parts and rapidly frozen in liquid nitrogen. Muscle triglycerides and glycogen were determined per g muscle by parallel assays. For the glycogen estimation a crude homogenate was prepared and heated for 5 min at 100 ~ After cooling, a fine homogenate was obtained in a teflon homogeniser and glycogen determined [26] . For the protein determination an aliquot was taken from the fine homogenate. Since the homogenate contained fibrous material, total protein was estimated with ninhydrin after hydrolysis in 6 mol/1 HC1 at 110 ~ for 24 h in sealed glass tubes [27] . Bovine serum albumin served as a standard. For the triglyceride estimation all visible connective and adipose tissue were removed from the sample within 3 min of thawing by careful dissection under the microscope. The sample was then homogenised in 1 ml methanol. An aliquot was taken for protein determination. Two ml of chloroform were then added to the methanol homogenate together with 3 ml 0.154 tool/1 NaC1. After overnight equilibration an aliquot was subjected to thin-layer-chromatography on silicon gel plates (25 • 25 cm, E. Merck, Germany, article no. 5721) in chloroform/cyclohexane (1 : 1) at room temperature. Under these conditions triglycerides are well separated from monoglycerides, diglycerides and other lipids. A trioleate standard was used as a marker. The zone which contained triglycerides was scratched from the plate and the silica gel was eluted 3 times with 2 ml chloroform. After evaporation of the pooled eluates and alkaline hydrolysis glycerol was determined enzymatically and the triglyceride content was calculated [28] . The coefficient of variation for the estimations of muscle triglycerides and glycogen were 6% and 4%.
Simultaneously with the muscle biopsies venous blood was drawn from the cubital vein immediately before and after the exercise period. Each time an aliquot of 0.1 ml blood was deproteinised immediately in i ml 3% (v/v) perchloric acid for glucose determination [29] . Another 2 ml blood was immediately mixed with 6 ml 6% (v/v) perchloric acid, centrifuged and the supernatant neutralised with KHCO 3 and used for the estimation of acetoacetate [30] and 3-hydroxybutyrate [31] on the same day. Glycerol [32] , non-esterified fatty acids [33] and triglycerides [32] were measured in serum which was immediately removed by centrifugation and frozen at -40 ~ Results are given as means _+ standard error of the mean (SEM). Significant differences were calculated using Student's t test (paired, where appropriate), except for analysis of blood glucose and 3-hydroxybutyrate data for which non-parametric ranking tests were applied because of possible non-normal distribution.
Results
Mean pulse rate, systolic blood pressure and work performance of the 3 groups are shown in Table 1 . There were no statistically significant differences. In Table 2 venous blood variables before and after exercise in the 3 groups are given. The reasonably wellcontrolled patients (group II) did not show significantly different blood glucose values from the normal subjects (group I). In both groups blood glucose declined in response to exercise, whereas there was no decrease on average in the poorly controlled and insulin-deprived diabetics (group III). This latter group already showed very high blood glucose concentrations before exercise. Although serum nonesterified fatty acids were initially elevated twofold in the insulin deficient diabetics of group III (by comparison with groups I and II), the mean values after exercise rose only in normal subjects. In contrast, serum glycerol concentrations increased significantly during exercise in all 3 groups. Ketone body concentrations in the group-III-diabetics were moderately elevated and did not change significantly in response to exercise. Serum triglycerides increased during the 1 h exercise period in groups I and II, whereas they remained at the elevated initial levels in the poorly controlled and insulin-deprived subjects. Muscle glycogen concentrations before and after exercise are shown in Figure 1 . In comparison to the normal and the well controlled diabetic subjects muscle glycogen content was decreased at rest in the insulin deficient diabetics. In all groups muscle glycogen declined during exercise, significantly less so, however, in the insulin deficient diabetics of group III (112 + 28 #mol/g protein vs. 261 + 63 and 269 + 65 in groups I and II; p < 0.05). Figure 2 shows that at rest a significant increase of muscle triglyceride was present in the insulin deficient patients of group III compared to the well Controlled diabetics (group II) and the control subjects (group I). During the 1 h exercise period mean triglyceride concentration of muscle decreased significantly only in the insulin deficient diabetics (group III).
There was a close positive correlation between resting muscle triglycerides and resting serum triglycerides in the whole group (Fig. 3) . Similarly, the resting muscle triglyceride content was also correlated with the resting blood glucose concentration (y = 0.33x + 9.72; r = 0.46; p < 0.05). Figure 4 and 5 demonstrate a strong dependence of the decrease of either muscle glycogen or muscle triglycerides during exercise upon the resting concentrations. The higher the initial concentration the more both intramuscular fuels decreased during exercise. In addition, the decrease of muscle triglycerides was positively correlated with the concomitant increase of both serum glycerol during exercise (y = 0.03x -0.55; r = 0.65; p < 0.001) and serum non-esterified fatty acids (y = 0.01x + 0.76; r = 0.62; p < 0.001). Resting muscte trigtycerides (/umot/g protein) 
Discussion
This study provides direct information on muscle triglycerides in diabetic man, both under resting conditions and in response to moderate exercise. It indicates that there are certain differences in intramuscular fuel utilisation during exercise between reasonably well controlled and chronically poorly controlled, insulin-deprived insulin dependent diabetics. At rest, the concentration of muscle triglycerides per gram muscle protein in such relatively insulin deficient patients (group III) was twice as high as in well controlled diabetic patients (group II) and was also significantly increased compared to normal subjects (Fig. 2) . This observation is in agreement with previous animal studies by Denton and Randle [34] and by Murthy and Shipp [35] who also noted enhanced muscle triglycerides in cardiac and diaphragmatic muscle of severely diabetic rats. Very recently, elevated triglyceride content of skeletal muscle (soleus) was reported in streptozotocin-diabetic rats by Stearns et al. [21] . The present study demonstrates that the increased muscle triglyceride stores of poorly controlled and insulin-deprived diabetic patients were indeed mobilised during exercise and that these patients seem to rely more on intramuscular triglycerides and less on muscle glycogen during exercise than insulin-treated diabetic patients or healthy individuals ( Figs. 1 and 2 ). This different metabolic behaviour occurred at the same absolute (and probably similar relative) work loads and with the same cardiovascular response in all groups (Table 1) . Relative work loads were assessed indirectly, on the basis of pulse rates, which should be as applicable to wellcontrolled diabetics as to normals [36] , but which could lead to some overestimation of relative work performance in grossly decompensated patients. In such diabetic patients pulse rates have been said to be somewhat higher at the same relative work loads when expressed in per cent of the maximal oxygen uptake [4, 37] , possibly due to increased circulating catecholamine concentrations [37] . In the present study, however, the absolute work load achieved by the poorly controlled and insulin-deprived diabetics (group III) did not differ from the other groups. But even if these diabetics might have exercised at a somewhat lower relative level, it was this group of subjects in whom mean muscle triglycerides significantly decreased.
Muscle triglycerides declined during the 1 h exercise period in close correlation with the resting concentrations (Fig. 5) . It might be suggested, therefore, that mobilisation of muscle fat during exercise is substrate dependent, being most significant in poorly controlled, insulin-deficient diabetics with a high content of muscle triglycerides. On the other hand, muscle lipolysis might also be a catecholamine-stimulated, insulin-inhibited pathway as suggested by recent in vitro studies of the isolated rat soleus muscle [21] . It is yet to be determined whether muscle lipolysis during exercise in man is likewise hormonedependent. Interestingly enough, the decrease of muscle triglycerides in the present study was closely associated with the increment of serum glycerol and non-esterified fatty acids during exercise, both approximate measures of the catecholamine -stimulated, insulin-antagonised lipolysis of the whole body, although this observation might have been somewhat obscured by a higher utilisation of nonesterified fatty acids in the insulin-deficient diabetic patients of group III [4, 15] .
For reasons of additional hormone stimulation and interference with fuel fluxes due to possible hypoglycaemia during exercise, especially in the well controlled, insulin-treated diabetics (group II), it was decided to study all three groups of subjects i h after a breakfast of 36 g carbohydrate. All diabetic individuals received another 36 g carbohydrate in small lots throughout the latter part of the ergometer test. As a consequence, no hypoglycaemic episodes occurred in any of the subjects including the normals. Since in normal subjects serum insulin usually decreases during more prolonged exercise [16, 38, 39] , no additional carbohydrate was offered to them during the ergometer test. Nevertheless, muscle triglycerides on average did not decrease during exercise in the normals, in contrast to the findings of Carlson et al., who studied fasting healthy volunteers at a maximal work load [40] . It is likely that the ingestion of a carbohydrate breakfast has modified our results to some degree, although it has been indicated previously that only 10 to 15% of 100 g orally administered glucose become available to peripheral tissues within the first 2 hours, the major part being retained in liver [15] ; the percentage of glucose released from liver is only moderately larger when the same amount of glucose is ingested during exercise [15, 41] . This latter observation, however, is only of limited relevance to the feeding of diabetic patients in this study during exercise, since splanchnic glucose production of the poorly controlled and insulin-deprived diabetics of group III was probably markedly increased anyway [42] . On the other hand, hepatic glucose output might have been even relatively decreased in the well controlled, insulin-treated diabetics (group II), due to continued SC insulin absorption during exercise. To avoid accelerated insulin absorption from the subcutaneous depot during exercise in group II diabetics, insulin was injected into the non-exercising arm [38] .
Resting glycogen content of muscle was considerably diminished in the poorly controlled and insulindeprived diabetics, in contrast to the virtually normal levels of the well controlled diabetics (Fig. 1) . Both results agree well with data in the literature [3, 17] . Roch-Norlund et al. demonstrated in addition an activating effect of insulin on glycogen synthetase of muscle [43] . Synthesis of muscle glycogen during recovery after prolonged severe exercise was found to be normal by Maehlum et al. in insulin-treated diabetics [9] as was the mean glycogen utilisation rate during the preceding exhaustive work [9] . The present study suggests that muscular activity will stimulate muscle glycogenolysis by insulin independent mechanisms, thus enabling insulin-treated as well as insulin-deficient diabetics to use muscle glycogen as a fuel during exercise (Fig. 1) . However, since the decline of muscle glycogen was strongly dependent upon the concentration at rest (Fig. 4) , less energy was derived form muscle glycogen during exercise in the insulin deficient subjects who had decreased muscular glycogen stores from the beginning (Fig. 1) .
Finally, the present study may also shed some light on the origin of muscle triglycerides. At rest, their concentration was significantly correlated with serum triglycerides (Fig. 3 ) and blood glucose. It has been established in the past [44] that approximately one third of all serum triglycerides are ultimately taken up by skeletal muscle. Little is known about the enzyme responsible for this mechanism, lipoprotein lipase of muscle, in diabetic patients. Its "functional" activity appears to be sensitive to insulin in non-diabetic man [45] . Controversy exists, however, whether the activity of this enzyme is increased in diabetic rats [46] or unchanged [47] . An increase of muscle lipoprotein lipase activity has been unanimously reported in the hypoinsulinaemic state of starvation [46, 47] . But even if muscle lipoprotein lipase activity were not increased in insulin deficiency, muscle triglyceride synthesis would probably be stimulated in poorly controlled and insulin-deprived diabetics by increased substrate supply, since serum triglycerides are usually elevated in such diabetics [48] as is also shown in this study (Table 2) . It is interesting to note in this context that recently a significant relation between serum and muscle triglycerides has also been found in patients with hypertriglyceridaemia [49] . The correlation of resting muscle triglycerides with blood glucose at rest might be interpreted in terms of an increased production of glycerol-3-phosphate in the muscle cell as a result of elevated blood glucose concentrations, provided that glucose will enter the cell, thus favouring the esterification of fatty acids.
